
Approved for public release; distribution is unlimited. 

ERDC/GSL GeoTACS TN-11-1
April 2011

Defining 3-D Geologic Architecture and 
Soil Variability for Sensor Simulations

by B. D. Haugen, S. W. Broadfoot, L. D. Wakeley, C. Roig-Silva, 
S. G. Bourne, and C. A. Talbot

 

ABSTRACT: The response of sensors used to counter 
munitions threats is controlled by soils properties in the 
subsurface. Modeling to support force protection requires 
realistic representations of the distribution of near-surface 
soil properties in three dimensions (3-D), in addition to 
realistic looking surface features. Traditional statistical 
methods of distributing soil types and soil data in 3-D 
cannot be used on limited field data sets. We developed a 
process to generate geologically based data sets for 3-D 
modeling. The process requires remotely sensed data and 
published or unpublished regional geologic information. 
These data are used to define a regional geologic archi-
tecture, which is the size, shape, and arrangement of soil 
features attributable to the geologic origin of soils in an 
area. The process results in derived data sets that do not 
recreate the subsurface conditions of a specific site, but 
instead generate multiple realizations of technically 
defensible soil properties. Similar derived data sets for 
other regions can be used to predict the distribution of soil 
properties in areas for which ground-based data are 
minimal or of poor quality, and in denied areas for which 
remotely sensed data are the only data available. 

INTRODUCTION: Properties of soils to a depth of 2 m or more influence or control the 
response of sensors. Modeling sensor performance to support counter-threat initiatives requires 
realistic surface features and geo-environmental parameters, such as temperature and sunlight. In 
addition, this modeling requires realistic distribution of soil properties in the shallow subsurface 
in three dimensions (3-D). That is, models must not only look real and respond realistically to 
weather and daylight, but also must provide realistic responses to sensor simulations as impacted 
by soil properties (Howington et al. 2011). Because of the need for realistic sensor response, 3-D 
models developed by the U.S. Army Engineer Research and Development Center (ERDC) 
include realizations of the critically important subsurface distribution of soil materials, where 
soil properties and their variability are visually obscured. 

The distribution and variability of soil properties in the shallow subsurface is controlled by the 
geologic architecture, which is the size, shape, and arrangement of soil features attributable to 

Traditional statistical methods of 
distributing soil types and soil data in 
3-D cannot be used on limited field 
data sets. We developed a process to 
generate geologically based data sets 
for 3-D modeling.  
The process requires remotely sensed 
data and published or unpublished 
regional geologic information. These 
data are used to define a regional 
geologic architecture, which is the 
size, shape, and arrangement of soil 
features attributable to the geologic 
origin of soils in an area. 
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the geologic origin of soils in an area. Subsequent anthropogenic and natural modifications to the 
soil also affect soil properties. The distribution of soil properties results from local and regional 
geologic processes that deposited or formed the soil (Weissmann 1999), and the geomorphic and 
geologic processes that changed it in situ after its formation. 

Although ERDC has sampled soils in forward areas of military interest following a well-defined 
sampling protocol (Wakeley et al. 2009a, b), the locations and numbers of soil samples and 
amount of related data that can be collected are severely limited by operational constraints in and 
around forward operating bases (FOBs) (Wakeley et al. 2010). Traditional geostatistical methods 
of distributing soil types and modeling soil data in 3-D cannot be used on small field data sets 
(Carle and Fogg 1996). ERDC datasets from areas of overseas contingency operations are 
limited to only one or two trenches in a FOB of several square miles, or in an entire geographic 
region.  

Other modeling efforts have used kriging to assign properties between control points in soils. 
Kriging is a process of interpolation that is used to predict unknown values from data observed at 
known locations. Interpolation is based on the assumption that the likelihood of similarity of a 
property to the value measured at a control point decreases with distance from the control point, 
and that all changes are gradational and definable using a least-squares curve fitting algorithm. 
However, the geologic processes that create soil architecture tend to create sharp boundaries both 
laterally and vertically between 3-D bodies of soil materials, rather than gradational changes. 
The kriging process distributes properties in ways that may be statistically valid for other types 
of data, but it is not capable of generating geologically plausible 2-D or 3-D realizations of the 
variability of soil properties at the scale required for modeling in the Geo-environmental Tactical 
Sensor Simulation (GeoTACS) program (about 2 to 4 cm) (Eslinger et al. 2007). 

The ERDC GeoTACS team developed a process to generate geologically plausible data sets 
based on limited hard data, geologic concepts and principles, and analog models. The process is 
founded on the concepts for hydrofacies modeling described by Weissmann et al. (1999). It 
requires remotely sensed data (e.g., spectral reflectance and other imagery) and published or 
unpublished regional geologic information, including information for geologically similar 
regions in other locations. Remotely sensed data and geologic information are used to define a 
regional geologic architecture. Limited hard data are used to define property boundaries for indi-
vidual material types, and to fill in geologically plausible details about the distribution of mate-
rial types in the geologic architecture. 

The process used in the GeoTACS program produces derived data sets that do not recreate the 
subsurface conditions of a specific site. Instead, the process generates multiple realizations of 
3-D variability in soil properties that are technically defensible for a given geologic setting, are 
statistically reproducible, and are closer to reality than are assumptions of uniform or arbitrarily 
layered material properties. 

MULTIPLE SCALES OF VARIABILITY: Soil properties vary on many scales. Large 
(multi-km) features define geologic architecture on a regional scale. The regional geologic archi-
tecture of a site is defined from a combination of imagery and previously published information. 
In one example, the dominant geologic feature visible in imagery of an area of interest (AOI) is a 
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large alluvial fan. The fan is a unique type of geologic feature, and as such has a particular type 
of geologic architecture common to all alluvial fans. 

Within the fan, material types are distributed on an intermediate scale (m to multiple-m). Pub-
lished literature may describe huge alluvial fans formed in an AOI during a period when the cli-
mate was wetter, and a huge sediment load was moved off the uplands by surface drainage. 
Because the climate is drier now than it was when the fan formed, sediment is no longer accret-
ing on the fan. Gullies are visible on the fan surface caused by storm-related erosion of the pre-
existing alluvial sediments. Imagery indicates the size of active gullies today in the AOI. 

Where the surface appears to be extensively reworked (many scars from previous gullies), we 
assume that the features visible on the surface are a similar size to features in the upper 2 m of 
soil. A rapidly filled gully is assumed to be associated with the coarsest sediments in the area, 
probably gravels. Areas between gullies will consist of original alluvial deposits from deposition 
of the fan, and finer grained overbank deposits of fine-grained sediments that accompany migrat-
ing gullies. The sizes of the visible features provide approximate measurements for use in Tran-
sition PRObability GeoStatistics (TPROGS), to distribute contiguous bodies of geologic mate-
rials within the upper 2 m of the fan. 

At another location, the current surface of the fan is dominated by wind erosion and deposition, 
and visible surface features are unrelated to the processes that formed the soil beneath the surface 
(sediments deposited in a lake during a glacial period). In such a case, interpretation of imagery 
can reveal current surface processes, but cannot provide indicators for sizes of geologic features 
buried in the near-surface soils. Instead, previously published work or analogs for the geologic 
architecture provide indicators of approximate sizes, shapes, and proximities of contiguous geo-
logic features. 

Properties also vary within a given geologic feature or material type, on a fine scale (cm). Within 
each identifiable material of a geologic architecture, the value of a given property falls within a 
range characteristic of that material. That is, the porosity, density, moisture content, mineral 
composition, and other critical properties of the soil vary laterally and vertically within a given 
geologic feature. At this time, GeoTACS modeling does not capture this very fine-scale variabil-
ity. In current practice, an average value is defined for each property within each material type. 
During FY10-11, the team is addressing the need to vary properties on a fine scale within each 
material type. Figure 1 illustrates soil variability at multiple scales. 

Gathering background information: When choosing a surrogate location, the variables 
should be similar enough so that both locations show a similar effect on remote sensing instru-
ments. The information contained within topographic and geologic maps help provide the initial 
framework on which a comparison study (such as the finding of surrogate locations) is based. 
Topographic maps provide important geomorphic and landform features of an area detailed 
enough to create a good comparison. 

Geologic maps on the other hand, provide general information of certain properties that may 
impact remote sensing instruments. These include mineralogy and sediment sources; both of 
which provide insight into what type of soil could be expected.  
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Figure 1. Illustration of multiple-scale variability in a large alluvial fan located at the base of a mountain 
front, from large (multi-km image of fan, bottom), intermediate (multi-m subset of fan surface, 
center), and fine scales (small inset, top). 

MODELING THE SUBSURFACE COMPONENT OF 3-D MODELS: The GeoTACS team 
used the Department of Defense Groundwater Modeling System (GMS) to develop 3-D con-
ceptual geologic models. Various types of 2-D and 3-D data (whatever is available) are assem-
bled in GMS to construct a 3-D geologic model that is consistent with the geologic architecture 
of a region (Wakeley et al. 2007). A transition-probability geostatistics package–TPROGS for 
GMS–is used to generate multiple statistical realizations of the distribution of material types. 
Any of the multiple realizations then can be used as the subsurface component of a full geo-
environmental model for GeoTACS. Using sparse data, the product is not a 3-D map of a spe-
cific site. Instead, it is a geologically plausible and scientifically defensible 3-D framework in 
which soil properties are distributed to provide the subsurface component of sensor response 
models. 

Steps in model development: The steps in defining the 3-D geologic architecture of an area 
and building a 3-D geologic model are listed here and described in the paragraphs that follow: 

 Identify host landform based on remotely sensed data (imagery). Identify sizes and 
shapes of components of the architecture. Determine if land cover maps created from 
multispectral imagery reveal aspects of general surface geomorphology. 

 Define material types using hard data, analog models, and geologic principles. 

 Define a borehole library for the space to be modeled. 
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 Build input files for GMS by distributing boreholes appropriately and accommodating 
visible or quantified surface features. 

 Input Geographic Information System/borehole distribution into GMS. 

 Iterate with TPROGS to derive plausible multiple realizations of geologic architecture 
and attendant soil-property distribution. 

Identify host landform: Every site of interest is superimposed on a landform, identifiable 
using the required expertise applied to multispectral and other imagery. In addition to visual 
interpretations of surface features that are representative of particular landforms, multispectral 
imagery can reveal quantifiable differences between the physical properties of soil materials in 
adjacent elements of the geologic architecture. Expert judgment is required to determine if the 
contrasts revealed in multispectral imagery extend into the near-surface, or if they are only indi-
cators of recent geomorphic processes. 

Two methods were used to delineate surface features. The first method was based on visual 
identification of the spatial relationships of stream gullies, the surface indicators of subsurface 
architecture. QuickBird, Inc. multispectral imagery was gathered for an AOI applicable to proj-
ect goals. No currently active stream features exist in the AOI, so inactive, or remnant, features 
were used. Remnant stream features were identified and traced using many different images and 
spectral band combinations. Streams were then classified by their order, a characteristic that dis-
tinguishes their relative size and branching pattern. 

The resultant stream network map was then compared with a similar active stream system in a 
nearby surrogate location. Active channel widths of surrogate streams were measured at multiple 
locations using similar satellite imagery, and stream orders were assigned. Average channel 
widths for each stream order were then calculated and used to trace a region around each stream 
that approximates the geologic architecture of an active system. Theses traces, or buffered 
regions, were combined and minimally edited to provide more natural transitions between and 
among geologic features. Buffered regions represent distinct stream features of the local land-
form that provide measurable constraints on the 3-D geologic architecture of the AOI. 

The second method used an iterative imagery analysis algorithm to classify surface features 
automatically. The algorithm extracts sections of multispectral imagery and places them into 
classes based on known control points; a variety of spectral, spatial, and temporal information 
within the imagery; and user inputs (Figure 2). The dimensions and distribution of surface fea-
tures identified using this method were similar to (albeit more complex than) the first method, 
suggesting that each is a viable option for defining geologic architectures for geo-regions in 
which current surface features extend into the subsurface–and thereby can be used to define the 
architecture of the entire volume of a given 3-D model. 

From the spatial relationships identified using imagery, the GeoTACS team was able to deter-
mine the type of landform the AOI was on and estimate the dimensions of the near-surface geo-
logic architecture. Use of imagery in this application only works if current (or recent) geologic 
processes are a continuation of processes that were occurring when the soil materials in the 
shallow subsurface were formed. That is, the geologic architecture cannot be defined from imag-
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ery alone, but must be interpreted 
from a combination of current 
surface features and information 
from other sources to indicate 
historic and prehistoric processes 
of soil formation. 

Define material types: 
Through FY10, TPROGS for 
GMS was limited to five material 
types. These five materials are 
essentially five soil types, as 
defined by their properties that 
may impact sensor response. The 
materials cannot be defined 
simply by USCS soil classes or 
soil textures because USCS clas-
sification was designed to indi-
cate engineering properties and is 
not meaningful as an indicator of 
signal attenuation, reflectance, or 
soil temperature. To define the 
five materials in the model, each 
material is distinguished from the 
other four materials by consideration of the full suite of soil properties that are likely to affect 
sensor response. 

For a model of a given site, each soil sample from each sampling depth is assigned to one of five 
material types, using a combination of simple statistical analyses and expert geologic judgment. 
The intent is to divide available data into material categories that are meaningful to sensor 
response, rather than to generate material types strictly by soil type or site geology. Both 
descriptive and quantitative data are considered when defining material types. Descriptive data 
include: 

 geomorphic location from imagery 

 geologic description from field observations 

 USCS classification and soil texture 

Quantitative data may include: 

 mineral composition 

 percentages of fine particles, sand, and gravel 

 dry bulk density 

 plasticity index and other grain-size parameters  

 thermal and moisture-retention properties 

Figure 2. Example of land cover map created from multispectral 
imagery showing four classes of surface features 
used in this study. 
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 gravimetric and volumetric water content 

 saturated permeability (Ksat) 

 cation exchange capacity 

Many other properties may be available for use in differentiating material types. On the other 
hand, if minimal quantitative data are available, material types must be defined based on inter-
pretation and expert judgment only. The GeoTACS team will consider other properties as we 
develop a more quantitative process for defining material types. 

Define borehole library: For a given AOI, quantitative data may be available only for a few 
or a single location, essentially defining a few or one “borehole” to be used in GMS. Additional 
“boreholes” are derived by interpretation of the geologic setting, such that soil properties can be 
distributed realistically within the architecture. The number and distribution of soil types in each 
borehole are controlled by the complexity of the architecture and the size of the area being 
modeled. 

Build input files for GMS: Once a sufficiently large borehole library has been developed, the 
data had to be converted into a format that can be displayed and analyzed in GMS. Simple text 
tables were created for this purpose. Each record in the table represents a single material type 
that is found within the borehole, and includes a unique borehole identifier, the borehole’s x and 
y coordinates, the depth at which the material is found, and a unique material number between 
one and five. The depths listed in the table represent the top surface of a given material. Individ-
ual records in the table are read by GMS to locate a single data point–consisting of x-y coordi-
nates, depth, and material type–in 3-D space. 

Input architecture into GMS: GMS automatically calculates the spatial distribution of mate-
rials between data points using statistical functions that require a number of parameters to be 
input by the user. The geologic architecture defines the limits of these parameters. The user con-
trols the spatial relationships generated in GMS by inputting parameter values (e.g., average 
active channel widths, or other feature characteristics) that are representative of the geologic 
architecture. Models (Figure 3) are cross-checked with the land cover maps used to help define 
the architecture–if the surface of the model appears similar to the land coverage, input parame-
ters are appropriate; if not, the parameters are adjusted iteratively. 

Generate multiple realizations: Once the GMS user has defined input parameters appropri-
ate for the geologic architecture, multiple realizations of the model are generated. Each realiza-
tion (Figure 3) is statistically identical to the others and represents a possible distribution of 
materials in the near-surface, based upon the input parameters that define the geologic architec-
ture. In all realizations, the materials generated in the model are anchored to borehole data 
points. That is, for any given borehole and depth, the material type generated by GMS will be the 
same in all realizations. 
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Figure 3. Example of one 3-D GMS model realization. The image at top left shows the full suite of 
materials for this particular model, consisting of windblown silty sand (yellow), gravelly sand 
(gray), fluvial sand (orange), and sandy clay (red). Images at right and bottom left show 
individual materials and their spatial distributions. Boreholes can also be seen. 

DEVELOPING QUANTITATIVE TOOLS: In FY10-11, the process of defining material types 
is evolving toward a more quantitative tool that relies on robust statistical evaluation of soil 
properties. Current soil classification systems are based on engineering properties, or methods of 
soil formation, neither of which is meaningful relative to sensors. We are developing a new 
method, to define material types within the shallow subsurface based on properties expected to 
affect sensor response. The method under development includes statistical evaluation of various 
soil properties that affect sensors. Differences in soil properties are quantified and compared, 
such that the magnitude of changes in any direction can be evaluated for their impact on sensor 
response and applicability to sensor response models. Our method will compliment the descrip-
tive geological conditions for a given site and will provide a means to establish distinctions 
between and among materials both laterally and at depth within the shallow subsurface. 

Eleven soil properties are evaluated in our method (Figure 4). They include conventional engi-
neering properties (e.g., USCS classification), as well as other properties that are known to affect 
sensor response, but are less commonly measured (e.g., thermal resistivity and diffusivity). Geo-
logic conditions have a direct impact on the performance and capability of some sensors; geol-
ogy also determines or controls several soil properties. This new quantitative method will be 
incorporated into 3-D model development, tailoring the definition of material types to specific 
geo-environments and specific modeling needs. 
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Figure 4. Diagram showing soil properties currently being considered in statistical analysis of material 
types. 
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